We describe the application of wide-field frequency domain Fluorescence Lifetime Imaging Microscopy (FLIM) to imaging in microfluidic devices. FLIM is performed using low cost, intensity modulated Light Emitting Diodes (LEDs) for illumination. The use of lifetime imaging for quantitative analysis within such devices is demonstrated by mapping the molecular diffusion of iodide ions across a microchannel. 
Introduction
Microfluidic devices represent an excellent platform to implement a large number of chemical processing and sensing applications [1] [2] [3] [4] [5] [6] [7] . Their benefits derive from the fact that timescales for mixing, heating and flow manipulation are much reduced compared to macroscopic flow systems. Furthermore the small size means that little reagent consumption is required and integration with other technologies is readily achieved. A key factor in the usefulness of microfluidics is the availability of matching online diagnostic systems that permit as much physical and chemical information to be sampled as possible. Such analytical techniques require species selectivity, sensitivity, and a high spatial and temporal resolution to be useful for online process monitoring, sensing applications, and product characterisation inside microfluidic channels. Optical techniques are very powerful in this context and in the past techniques have focused on fluorescence microscopy [8] , light microscopy [9] , confocal laser scanning microscopy [10] , and optical coherence tomography [11] . Of these, fluorescence based techniques are among the most versatile and certainly they are the most widely employed analytical tools in this context. Fluorescence imaging offers information on spatial and temporal scales of concentration, and is easy to implement. There are drawbacks however, relating to signal quantification, which is affected by the presence of local quencher species and also by signal reabsorption. Furthermore there is a requirement for the analyte to have clearly distinguishable absorption and emission spectra. Often this requires elaborate labelling techniques for one to obtain specificity and / or sensitivity -something that is not always a feasible option. In multicomponent mixtures, spectral overlap may cause ambiguity preventing a discrimination of the different components. In such situations the fluorescence lifetime of a sample may give additional or superior information.
The fluorescence lifetime represents the average time a fluorophore will remain in an excited state upon absorption of light before emitting a fluorescence photon. It is a sensitive indicator of a molecule's interaction with its immediate environment: The presence of local quencher species, pH mediated conformation changes, molecular association and aggregation, diffusional mobilities, etc. all affect the fluorescence lifetime and its measurement thus provides information beyond that of purely intensity based diagnostic techniques.
Furthermore, components whose spectral signatures are too similar to permit their discrimination can often be differentiated according to their lifetime differences. There is thus a strong case to be made to combine the benefits of fluorescence lifetime imaging with microfluidic device applications. To date, however, there have been very few reported applications of FLIM (fluorescence lifetime imaging microscopy) to microfluidic devices [12, 13] . Benninger et al. recently reported on the use of two photon excited time resolved Fluorescence Anisotropy and lifetime imaging in microfluidic devices to demonstrate its use for the study of molecular mixing and rotational diffusion effects in microfluidic channels. The system employed an Ar ion pumped Ti:Sapphire laser and an ultrafast image intensification device to achieve time resolution and the usefulness of lifetime resolved imaging was clearly demonstrated. Magennis et al. used a similar system comprising of a gated intensified CCD camera and an ultrafast pulsed laser to investigate diffusional mixing.
In this paper we report the application of a novel, Frequency Domain Lifetime Imaging system to microfluidic imaging employing inexpensive incoherent LED sources for excitation, whose intensity is modulated at high frequency (40 MHz). Using a gain modulated wide field detection system in a scheme analogous to homodyne detection, the fluorescence lifetime of the sample can be deduced from the phase shift (and demodulation) of the signal with respect to the excitation waveform [14, 15] . The fluorescence lifetime deduced is a single exponential approximation to the true lifetime decay, which for many biological systems may be multiexponential in nature. Multi-exponential lifetimes can be deduced by taking measurements at several different modulation frequencies and fitting a multi-exponential model to the data, or in special cases by use of techniques such as AB-plot analysis [16] . The system has great potential for miniaturisation and integration with microfluidic technology in a "lab on chip" approach and permits accurate lifetime differences at 100 ps and below to be clearly resolved. We demonstrate quantitative use of the system by imaging the lifetime changes of Rhodamine 6G fluorescent dye (which has a single exponential decay) in a dual inlet microreactor as iodide ions diffuse across two parallel aqueous streams.
Material and methods

Microfluidic device fabrication
A microchannel stamp as detailed in Fig. 1 , was fabricated on cleaned wafers using standard photolithographic techniques [17, 18, 19, 20] . This stamp was then used to create a microchannel structure in Poly Dimethylsiloxane (PDMS) using soft lithography techniques (Fig. 2) . This fabrication method is extremely flexible with respect to channel design whilst also allowing repeated use of the same stamp. Additionally PDMS was noted as a suitable substrate for the channel fabrication as no background fluorescence was observed during the studies described at the wavelengths used. The process involved use of a technical drawing software package to create a high resolution acetate mask of the microchannel design (printed by Circuit Graphics, Chelmsford). Thin films of approximately 250μm Microchem SU8-2100 (Microchem) were coated over the glass wafers using a spin coater (Karl Suss Delta 10) and were pre-baked at 65°C for 12 minutes and 95°C for 60 minutes. The acetate mask was used to project an ultraviolet (UV) light source (340nm) from a mask aligner (Karl Suss MJB3) onto the substrates coated with the film of photoresist. The exposed films of photoresist were then post baked at 65°C and 95°C for 1 minute and 21 minutes respectively, before revealing the photoresist pattern using a developer solution (EC Solvent, Microchem). PDMS (Sylgard 184, Dow Corning) was then poured over the SU-8 master and allowed to cure. Once hardened, the PDMS was peeled off of the master, inlets and outlet attached and sealed onto a clean glass wafer using the natural adhesivesness of the PDMS to create a seal. Figure 2 illustrates the steps involved in fabricating the photoresist pattern. 
FLIM system
The FLIM system (LIFA, Lambert Instruments, Leutingewolde, The Netherlands) [21] was attached to an Olympus IX70 inverted microscope (Olympus UK Ltd, Southall, UK). The excitation light is provided by a high power LED (3W) which can be modulated at frequencies up to 40 MHz. Images are detected by an ICCD whose gain is modulated at the same frequency. To obtain a lifetime image a series of intensity images are acquired at different detector gain phase offsets (typically 8 -12 steps). The demodulation and phase shift of the fluorescence light are a function of the lifetime and can be determined over the entire field of view by fitting a sine function to every pixel along the set of images [22] . The absolute phase of the system is determined by taking a reference measurement of a standard with a known lifetime.
For Rhodamine 6G measurements we used an LED centred at 473 nm. The excitation light was filtered by a 470 -490 nm bandpass filter and the emitted fluorescence light was filtered by a 500 nm cut-off dichroic mirror and a 515 nm longpass filter. A 20×, NA=0.70 objective was used for the imaging. The setup allows lifetime images to be acquired in approximately 1 second.
FLIM data analysis
All data analysis was performed using software written by the authors in IDL 6. The modulation bandwidths of the LEDs used here is limited to around 40 MHz. This is far from ideal for the shortest lifetimes we observe here (0.5 ns) especially for determinations of τ m . Demodulations may to levels of a percent or so, making τ m measurements susceptible to noise and baseline drifts. Determination of phase lifetimes, however, remains relatively robust at theses frequencies and as a consequence all data presented here is from phase lifetimes.
Rhodamine 6G solutions and flow set-up
Iodide quenching of Rhodamine 6G has been used as a convenient method of producing mono-exponential decay standards with variable lifetimes [23, 24] In order to examine the flow pattern the channel was imaged just after the inlets using a confocal microscope (Olympus FV300, Olympus UK Ltd, Southall, UK) by taking a stack of images from the top to the bottom of the channel (Fig. 3) . In order to clearly distinguish the two parallel streams both contained 0.2M KCl solutions but the dye, Rhodamine 6G, was only present in one. 
Results
We used the Rhodamine 6G solution without quencher as the reference standard to calibrate the FLIM system and assumed a lifetime of 4.08 ns [24] .
In order to determine the bimolecular reaction rate constant the lifetimes of solutions with different iodide concentrations were imaged in a black well plate. Lifetime images taken at increasing distances along the length of the channel are presented in Fig. 5 . Profiles of the lifetime and calculated iodide concentration perpendicular to the flow direction for increasing distances down the channel are shown in Fig. 6 . 
Discussion
The 3D images from the confocal microscope show a very clear and sharp interface between the two flows just after the inlets which is in agreement with what one would expect from a highly laminar flow (Fig. 3) . This confirms that the microchannel device is very well suited for studies of molecular mixing by diffusion across the flow boundary. The confocal images point to the problems associated with fluorescence intensity imaging: variations in the images occur due to absorption of the excitation light, reabsorption of the fluorescence light, and optical distortions when imaging deep into the channel. The optical distortions are the result of either spherical or chromatic aberrations caused by focussing using a thicker effective coverslip (required to seal the channel) than the objective was designed for, or a combination of both. All these issues complicate quantitative evaluation of intensity images. The lifetime images initially show a sharp concentration gradient between the two streams (Fig. 5) . As the distance down the channel is increased, the diffusion gradient becomes less well defined, as one would expect from diffusional mixing (Fig. 6) we see very good agreement. In Fig. 6 the concentration of KI does not reach the maximum of 0.05 M. We believe that this is because of the lack of z (depth) resolution in the images. This means that out of focus light, from a slower moving part of the flow is collected. Because the flow is slower, there has been more time for diffusion and so the KI concentration is reduced. Because the KI concentration is lower, the signal is not only from a higher lifetime but it is also of a brighter intensity, which weights the lifetime signal more in favour of the longer lifetime.
The advantage of lifetime data is clear when considering quantitative interpretation of the results, in our case determination of the concentration of iodide by means of Eqn. 3, owing to the direct relationship between lifetime and concentration. For high resolution 3D mapping of the concentration higher z-resolution would be advantageous. This can be achieved by widefield optical sectioning techniques, either by means of deconvolution techniques [25] or by the use of structured illumination [26] . Present work is focussed on implementing wide-field optical sectioning on our FLIM set up.
For our system the minimum detectable lifetime difference between a small region of 100 pixels and a large region was evaluated from simulations and found to be around 100 ps when imaging with a SNR (signal-to-noise ratio) of 50 and taking measurements at 12 phase steps [27] . The simulations were performed by generating intensity images corresponding to assumed lifetime distributions and then adding normally distributed noise with a SNR of 50 to the data for every pixel and every phase step. This level of minimum detectable lifetime difference corresponds well with the level of noise seen in the channel profiles in Fig. 6 . In the KI concentration region most sensitive to lifetime changes such a change in lifetime would be equivalent to a concentration change of approximately 0.001 M. This illustrates the potential sensitivity of lifetime measurements.
The FLIM system conveniently covers the entire visible spectrum with the use of inexpensive, easily interchangable LEDs. This is in contrast to previous implementations of FLIM systems which have utilised expensive and complex pulsed laser systems or highfrequency optical modulators. The use of low cost LEDs opens the gate for widespread use of FLIM as an analytical tool, and provides the potential for integration in "lab-on-a-chip" type devices. A further development that would again reduces the potential cost of FLIM technology is the use of unintensified rapid-modulation gain camera systems [28].
Conclusion
To summarise, we have demonstrated the usefulness of frequency domain FLIM for the study of flows in microchannels by imaging changes in lifetime of Rhodamine 6G due to the diffusion of iodide ions. Changes in fluorescence lifetime profiles were seen as a function of distance along the channel. The lifetime images provide excellent contrast between the two parallel flows and permit detailed studies of molecular mixing to be performed. We found that contrast is obtained in situations where intensity based measurements lack specificity and sensitivity and thus the work shown provides an alternative and complementary diagnostic for the study of such systems. The results were obtained with a high power diode as illumination source, the intensity of which was modulated at up to 40 MHz. The work shows that sensitive lifetime information on a microscopic scale is obtainable with such devices and the technology is cost effective and simple to implement.
